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(3) Ultrasonic fluid level sensing without using a stiilwell. 



(57) Apparatus for determining liquid level in a 
container (T) wherein the container (T) can be 
subjected to attitude variations. A plurality of 
transducers (14,16,18,20,22) are provided below 
the liquid surface for emitting and receiving 
acoustic signals. The transducers (14,16,18, 
20,22) emit the acoustic signals into the liquid in 
a plurality of predetermined directions towards 
the liquid surface and receive the returned 
echoes. The liquid level determined is based on 
the returned echo amplitude and the time delay 
between the emission and the detection of the 
echoes. 
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BACKGROUND OF THE INVENTION 

The invention relates generally to apparatus and 
methods for determining fluid levels using ultrason- 
ics. More particularly, the invention relates to ultra- 
sonic fluid level detection without the use of a still we! I. 

The use of acoustic transducers for determining 
fluid levels in containers is well known. In one form of 
use, an acoustic transducer is mounted within the 
container so that the transducer emits ultrasonic 
acoustic pulses directly into the fluid towards the fluid 
surface. Atypical application of this technology is with 
ultrasonic fuel level sensors for detecting surface lev- 
els of fuel in a fuel tank. These sensors typically op- 
erate using echo ranging in which an ultrasonic pulse 
on the order of 1 megahertz is emitted towards the 
fluid surface. The ultrasonic pulse is reflected at the 
fuel/air interface and returns towards the sensor in 
the form of an echo pulse. This echo pulse is then de- 
tected by the same or a different sensor. The detec- 
tion sensor typically produces an output signal that 
corresponds to receipt of the echo. Thus, the round 
trip time from pulse emission to echo detection cor- 
responds to the distance of the liquid surface from the 
sensors. 

A typical application of such an intrusive trans- 
ducer is with fuel tanks used on aircraft By mounting 
a transducer at the bottom of a tank, the transducer 
can be used to emit acoustic pulses towards the fuel 
surface. The round trip time for the acoustic energy 
to be reflected back to the transducer can be corre- 
lated with the fuel height when the velocity of the 
acoustic pulses in the fuel is known. 

Typically in fuel tank applications, a stillwell is 
used to reduce the effects of bubbles in the fluid, or 
fluid swashing around the transducer due to aircraft 
movement or vibration, as well as to provide a channel 
for the acoustic waves to follow to the surface of the 
fluid and back to the sensor. The stillwell also tends 
to provide a smoother surface for reflecting the 
acoustic energy. 

A stillwell is typically a round or otherwise tubular 
device that is located in the fuel along the line which 
measurements are to be taken. The inside diameter 
is small compared to the size of the tank, such as one 
inch or less, to reduce wave motion inside the stillwell. 

Although the use of stillwells provides benefits 
such as reducing surface effects, aeration and strat- 
ification effects, in some applications it may be desir- 
able not to use a stillwell. Eliminating the stillwell 
would reduce the amount of in-tank hardware, includ- 
ing eliminating metal or conductive tubes in the tank. 
Stillwell-less gauging also could increase the attitude 
range over which readings can be taken, as well as 
making sensor installation easier, including the pos- 
sible use of a sensor mounted external the tank. 

The objectives exist, therefore, for an acoustic 
fluid level gauging apparatus and methods that do not 



use a stillwell inside the fluid container. 
SUMMARY OF THE INVENTION 

5 To the accomplishment of the foregoing objec- 

tives, the invention contemplates, in one embodi- 
ment, liquid gauging apparatus for an aircraft fuel 
tank, comprising: transducer means for emitting 
acoustic energy into a liquid in the tank in a plurality 

io of predetermined directions towards the liquid sur- 
face from a position below the liquid surface and for 
receiving echoes; and signal conditioning means for 
determining liquid level based on echo amplitude and 
time delay between the emissions and detection of 

15 the echoes. 

The invention further contemplates the methods 
embodied in the use of such an apparatus, as well as 
a method for determining liquid level in a container 
without the use of a stillwell, wherein the container 

20 can be subjected to attitude variations, comprising 
the steps of emitting acoustic energy into the liquid in 
a plurality of predetermined directions towards the liq- 
uid surface from a position below the liquid surface 
using a plurality of transducers; receiving acoustic 

25 echoes using the transducers; and determining liquid 
level based on echo amplitude and time delay be- 
tween the emissions and detection of the echoes. 

These and other aspects and advantages of the 
present invention will be readily understood and ap- 

30 predated by those skilled in the art from the following 
detailed description of the invention with the best 
mode contemplated for practicing the invention in 
view of the accompanying drawings. 

35 BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a simplified schematic diagram of one 
embodiment of the invention using an angled 
multiple transducer array; 
40 Fig. 2 is another illustration of the embodiment of 

Fig. 1; and 

Fig. 3 illustrates another embodiment of the in- 
vention. 

45 DETAILED DESCRIPTION OF THE INVENTION 

With reference to the drawings, the invention con- 
templates in general a multiple transducer arrange- 
ment for use in or with a fluid container, such as, for 

so example, a fuel tank. While the invention is described 
herein with specific reference to an aircraft fuel tank, 
such description is exemplary in nature and should 
not be construed in a limiting sense. Those skilled in 
the art will understand and appreciate that the bene- 

55 fits and advantages of the invention can be realized 
in different applications besides fuel tanks. 

In accordance with the basic concepts of the in- 
vention, such a multiple transducer array is config- 



3 



EP 0 676 624 A2 



4 



ured so that acoustic energy is directed towards the 
liquid surface in different directions or angles relative 
to a reference. In this way, at least some of the acous- 
tic energy is likely to impinge the surface/air interface 
perpendicularly so as to increase the echo strength. 
Thus, the multiple transducer array can be used to ac- 
count for attitude variations of the tank, such as when 
an aircraft maneuvers, for example. 

The capability to direct the acoustic energy in a 
plurality of directions towards the liquid surface to 
achieve "good" echo strength can be enhanced by in- 
creasing the repetition rate of the transmitted acous- 
tic energy. A higher repetition rate compensates for a 
rough surface, particularly if the repetition rate is 
higher than the frequency of wave motion. 

With reference to Fig. 1 then, in this embodiment 
of the invention, a linear angled acoustic transducer 
array 10 is disposed, for example, at the bottom of a 
fuel tank T. The array 1 0 includes a number of acous- 
tic transducers 12, 14, 16, 18, 20 and 22 mounted on 
a base 24. The angular array 10 is configured so as 
to take advantage of the fact that the optimum orien- 
tation for echo ranging is to have the transmitting sur- 
face of the transducer parallel to the fluid surface. Ac- 
cordingly, each transducer 12-22 is respectively 
mounted on the base 24 such that each transmitting 
surface thereof is at a selected angle of inclination. In 
the embodiment of Fig. 1, for example, the transmit- 
ting surface of transducer 1 2 is oriented at 0 degrees 
or level with respect to a level tank attitude. The trans- 
mitting surface of adjacent transducer 14 is inclined 
at 15 degrees, the next transducer 16 at 30 degrees 
and so on such that the left most transducer (as 
viewed in Fig. 1) is inclined at 75 degrees. These an- 
gles are exemplary, of course, and can be selected as 
needed for particular applications. 

As illustrated with dashed lines in Fig. 1, each 
transducer emits acoustic energy along a direction 
normal to the transmitting surface of the transducer, 
e.g. T1, T6 and so on. Assuming a smooth fluid sur- 
face 30, transducer 12 will transmit acoustic energy 
in a direction normal to the fluid surface when the tank 
attitude is level or 0 degrees. When the tank attitude 
is at 5 degrees, acoustic energy emitted from trans- 
ducer 14 will impinge normal to the fluid surface. Tank 
attitudes to 90 degrees can thus be accommodated 
assuming deep enough fluid levels are present. As 
further shown in Fig. 1 , surface disturbances such as 
waves also affect the angle at which acoustic energy 
impinges the surface. By energizing the transducers 
in an alternate repetitive manner, or energizing them 
all at the same time, at least one good echo should 
be returned because the probability is higher that one 
of the transducers will transmit energy in a direction 
normal to the surface. The probability of a good re- 
turn echo will be higher if the rate at which the acous- 
tic energy is transmitted is higher than the wave mo- 
tion period, as explained hereinbefore. 



For clarity, Fig. 1 only shows halfbf the total array 
of transducers. In actual practice, there could be five 
additional transducers angled upward in a mirror im- 
age to the right of transducer 1 2 so as to permit clock- 
5 wise and counterclockwise rotation of the tank (as 
viewed in Fig. 1). However, in many applications, 
such as for commercial aircraft, in which pitch and roll 
maneuvers are typically less than 10 or 20 degrees, 
five transducers such as shown in Fig. 1 can provide 
w the needed resolution. In such a circumstance, the ar- 
ray 10 can be installed with a bias so that, for exam- 
ple, the transmitting surface of transducer 16 is ori- 
ented at zero degrees (with respect to level) rather 
than transducer 12. In this example, then, transduc- 
es ers 14 and 1 2 could be used for detecting surface lev- 
els under positive rotation effects, while transducers 
18, 20 and 22 could be used during negative rotation 
effects. 

By mounting the array 10 transverse one of the 
20 aircraft reference axis, such as the longitudinal axis, 
the array 10 can compensate for changes in pitch or 
roll. By mounting a second array (not shown) ortho- 
gonal to array 10, the invention can be used for de- 
tecting fluid levels under both pitch and roll condi- 
25 tions. 

Effects from surface wave motion and other tur- 
bulence including bubbles can be reduced by using a 
high repetition rate for the acoustic transmissions, as 
stated previously. The angled array, however, also in- 

30 herently can reduce sensitivity to surface irregulari- 
ties by interrogating the transducers either at the 
same time or in a time multiplex manner. By repeti- 
tively interrogating the various transducers, at least 
one of the transducers is likely to emit an acoustic 

35 pulse that transversely impinges the rough surface 
so that a good echo can be received to determine the 
fluid height. 

The transducers can be any conveniently avail- 
able commercial devices such as, for example, a 
40 PVDF film sensor part no. UDT-01 available from Ato- 
chem Sensors, Inc. This device can serve as both a 
transmitter and receiver of acoustic energy. 

Fig. 2 provides a more detailed illustration of this 
embodiment of the invention. The base 24 can be 
45 made of any suitable material including plastics. The 
base includes a plurality or progressively angled 
faces 40, with each face 40 providing a mounting sur- 
face for a respective transducer. The base can be pro- 
vided with appropriate mounting mechanisms for fix- 
so edly attaching the transducers to the base. The base 
can be mounted on the tank floor, for example, by fas- 
teners or an adhesive, the latter being particularly 
useful for tanks made of composite materials. 

An electronics package can be provided that en- 
55 ergizes the transducers in a sequential manner, a ran- 
dom manner or any other repetitive technique. Alter- 
natively, ail the transducers could be activated at the 
same time, although this approach would limit the 
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ability to determine which transducer received the 
acoustic energy that produced the best echo. A suit- 
able electronics package could be, for example, a 
state machine controller such as described in co- 
pending United States Patent Application serial no. 
08/042,291 for "ULTRASONIC FUEL GAUGING 
SYSTEM USING STATE MACHINE CONTROL" filed 
on April 2, 1993 and owned in common by the assign- 
ee of the present invention, the entire disclosure of 
which is fully incorporated herein by reference. Of 
course, this is but one example. Those skilled in the 
art will readily appreciate that many different control 
circuits can be used to activate the transducers and 
process the return echo signatures. The surface level 
is determined by the round trip time between the 
emission of the acoustic energy and detection of the 
echoes, and compensated for the attitude of the tank 
from the reference (in the example of Fig. 1 , the ref- 
erence direction is vertical). Since the array provides 
a plurality of different directional acoustic beams, the 
maximum amplitude echoes are selected as the true 
surface echo, because the maximum return energy 
will most likely correspond to the transmitted acoustic 
energy impinging the surface perpendicularly. Using 
a high repetition rate will also reduce sensitivity to 
false echoes and bubbles. 

When the best echo has been identified, such as 
based on the strongest echo amplitude, the sensor 
that detected that echo will indicate the attitude of the 
tank (for pitch and roll when a full array is used as de- 
scribed herein), particularly over an average time 
period. For example, if the array of Fig. 1 operates to 
produce the strongest echo signals from transducer 
14 averaged over a selected time period, then the 
tank attitude is about 5 degrees. The use of time aver- 
aging will compensate for the likelihood that individ- 
ual echoes may be returned at different angles due 
to surface disturbances. For attitudes in-between the 
transducer mounting angles, there will be measur- 
able signals from two adjacent sensors with the clos- 
est mounting angle. 

When the tank attitude is other than level (for the 
example of Fig. 1), the roundtrip time measurement 
for the selected surface echo wilt need to be adjusted 
in order to determine the fluid level. This is because 
for non-vertical returns, the echo has actually travel- 
led along a hypotenuse of a right triangle whose vert- 
ical leg is the true fluid height plus the height of the 
transducer that received the echo (see Fig. 1). Since 
the attitude angle is known, the true vertical height 
can easily be determined trigonomicaily from the 
measured travel time. 

Fig. 3 illustrates an alternative embodiment of 
the invention. In this embodiment, a plurality of trans- 
ducers are disposed in a straight linear array 50 on a 
flat base 52. The linear array provides for each trans- 
ducer to be simultaneously electronically energized 
with a phase delay relative to its adjacent transducer 



and the spacing therebetween so that an electroni- 
cally steered beam 54 of acoustic energy is produced. 
The steered beam is directed towards the fluid sur- 
face, but at a variable angle to the plane of the array. 

5 The beam can be swept as a function of the electrical 
phase variation by any of the techniques well known 
in the art of electronic beam steering. For example, a 
series of electrical phase generators for excitation 
signals to the transducer can be implemented digital- 

10 ly using clocks and delay lines, or in an analog man- 
ner using a series of filters to produce the desired 
electrical phase shifts between the elements. 

If all the elements of the array 50 are energized 
with the same excitation signal, i.e. the same frequen- 
ts cy, amplitude and phase, then the array functions like 
a single large area transmitter. If the amplitudes and 
phases are appropriately varied, however, such as 
with an increasing phase delay from element to ele- 
ment along the array, it is possible to effect a narrow 

20 beam in space where all signals arrive simultaneously 
in phase for constructive and destructive interfer- 
ence. The linear array of Fig. 3 can easily be extended 
to a two dimensional array to allow for variations, for 
example, in pitch and roll. 

25 As few as five elements can be used to produce 

beam directivities accurate to five degrees or better. 
Preferably, the elements should be isotropic point ra- 
diators. If the elements are on the order of a wave- 
length the array 50 can operate effectively over plus 

30 and minus 45 degrees. To prevent the occurrence of 
grating lobes, the inter-element spacing should be 
one-half wavelength or less. For example, with an ex- 
citation frequency of 500 KHz for 0.1 inch elements 
spaced apart by 0.025 inch, a steering angle of 40 de- 

35 grees can be achieved. Sidelobe content of the direc- 
tional beam can be reduced by using additional 
acoustic elements in the array. 

The electronically steered beam array approach 
has several advantages over the angled array env 

40 bodiment The array is mechanically simpler to de- 
sign and install. It also can produce beam directions 
at practically any angle, as distinguished from the dis- 
crete angle approach of the angled array. The steered 
array is also a relatively flat array so that it is less sen- 

45 sitive to absolute fluid levels. The angled array, by 
comparison, has an inherent out of plane dimension 
that limits the fuel height sensitivity. The steered ar- 
ray, however, may require, for some applications, 
more phase control circuitry. The control circuit de- 

50 scribed with respect to Fig. 1 , such as the control cir- 
cuit of the referenced patent application herein, is 
suitable for implementing the steered beam array em- 
bodiment, as well as micro process or- based control 
systems. 

55 The stillwell-less embodiments of the present in- 

vention tend to exhibit reduced echo strength due to 
attenuation when liquid surface height and/or atti- 
tude angles increase. In accordance with the present 
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invention, signal modulation techniques are provided 
to improve weak echo detection. 

A preferred technique is pulse compression. In 
this technique, a specially encoded transmit wave- 
form and an appropriate signal transformation on the 
receive signal are used to convert a long period burst 
into a short duration pulse. In order to allow long dur- 
ation transmit bursts at relatively low power, the 
transmit waveform is selected to be a linear FM mod- 
ulation used with a cross correlation for the transfor- 
mation. 

The cross correlation operation is performed so 
as to produce a single sharp peak compared to the 
transmit function [x(t)J. By definition, the cross corre- 
lation function is defined as the time integral of x(t) 
times y(t+tau), where tau is a delay in the y(t) func- 
tion. A particular advantage of the cross correlation 
function is that the integration averages out uncorre- 
lated noise such as from bubbles and random wave 
motion. 

A useful excitation signal that produces a sharply 
compressed correlation function is the chirped sine 
wave, for example. The chirped sine wave signal is a 
constant amplitude carrier with a linearly increasing 
frequency. Since the integral of the product of two 
sine waves is zero if the signals have different fre- 
quencies, the chirped sine wave excitation signal and 
delayed echo will have the same instantaneous fre- 
quency only at time t=echo delay period. Therefore, 
the cross correlation function produces a sharply de- 
fined compressed peak at the delay time, thereby 
producing a high signal to noise ratio for detecting the 
return echo. 

As an alternative to pulse compression, an FM 
modulation technique can be used, provided signal 
bandwidth is not a limitation. In this technique, the 
carrier is transmitted with a linearly increasing instan- 
taneous frequency. When the echo is received, the 
frequency of the echo is compared to the frequency 
of the transmitted signal, and this difference is pro- 
portional to the time delay travel of the echo. A re- 
quirement of this technique, however, is that the dur- 
ation of the transmission must be long enough to al- 
low the system to be actively transmitting when the 
longest delayed echo is received. 

The invention thus provides apparatus and meth- 
ods for detecting fluid levels with acoustic echo rang- 
ing without the use of a stillwell and fully compensat- 
ed for attitude variations of the fluid container. Such 
methods and apparatus can be enhanced by the use 
of FM modulation or pulse compression signal proc- 
essing techniques. 

While the invention has been shown and descri- 
bed wjth respect to specific embodiments thereof, 
this is for the purpose of illustration rather than limit- 
ation, and other variations and modifications of the 
specific embodiments herein shown. and described 
will be apparent to those skilled in the art within the 



intended spirit and scope of the invention as set forth 
in the appended claims. 



5 Claims 

1. Apparatus for determining liquid level in a con- 
tainer, wherein the container can be subjected to 
attitude variations, comprising: a plurality of 

10 transducers for emitting acoustic energy into the 

liquid in a plurality of predetermined directions to- 
wards the liquid surface from a position below the 
liquid surface and for receiving echoes; and 
means for determining liquid level based on echo 

is amplitude and time delay between said emis- 

sions and detection of said echoes. 

2. The apparatus according to claim 1 wherein each 
said transducer is disposed at an angular offset 

20 with respect the other transducers such that each 

transducer emits acoustic energy towards the liq- 
uid surface at a respective angle relative to a ref- 
erence. 

25 3. The apparatus of claim 2 wherein said transduc- 
ers are disposed along an arc that extends from 
a bottom wall of the container. 

4. The apparatus of claim 2 wherein each transduc- 
do er detects a maximum echo energy reflected 

from the liquid surface when the surface is nor- 
mal to the respective direction of acoustic energy 
transmitted from the transducer. 

35 5. The apparatus of claim 2 wherein each transduc- 
er detects a maximum echo energy reflected by 
the liquid surface based on the attitude of the 
container with respect to said reference. 

40 6. The apparatus of claim 1 wherein said plurality of 
transducers are arranged in a transducer array; 
said apparatus further comprising means for en- 
ergizing said transducers so as to produce a 
steered beam of acoustic energy directed to- 

45 wards the liquid surface at different angles with 

respect to a reference. 

7. The apparatus of claim 6 wherein maximum echo 
energy corresponds to said steered beam im- 

50 pinging the liquid surface substantially normal 

thereto. 

8. The apparatus of claim 1 wherein the acoustic 
energy is transmitted in short duration pulses at 

55 a repetition rate that is high relative to liquid sur- 

face disturbances. 

9. The apparatus of claim 1 wherein said determin- 
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ing means includes signal processing means for 
detecting echoes using cross correlation pulse 
compression. 

10. The apparatus of claim 9 wherein a chirped sine 
wave excitation signal is applied to said transduc- 
ers. 

11. A method for determining liquid level in a contain- 
er without the use of a stiltwell, wherein the con- 
tainer can be subjected to attitude variations, 
comprising the steps of: 

emitting acoustic energy into the liquid in 
a plurality of predetermined directions towards 
the liquid surface from a position below the liquid 
surface using a plurality of transducers; 

receiving acoustic echoes using said 
transducers; and 

determining liquid level based on echo am- 
plitude and time delay between said emissions 
and detection of said echoes. 

1 2. The method of claim 11 wherein the step of emit- 
ting acoustic energy is performed using a chirped 
sine wave. 

13. The method of claim 11 further comprising the 
step of performing cross correlation pulse com- 
pression for detecting said echoes. 

14. The method of claim 11 wherein said transducers 
are disposed at different angles relative to a ref- 
erence such that each transducer emits acoustic 
energy towards the liquid surface at a discrete 
predetermined angle. 

15. The method of claim 11 wherein said transducers 
are energized so as to produce a steered acoustic 
transmission beam to compensate for attitude of 
the container. 

1 6. Liquid gauging apparatus for an aircraft fuel tank, 
comprising: transducer means for emitting 
acoustic energy into a liquid in the tank in a plur- 
ality of predetermined directions towards the liq- 
uid surface from a position below the liquid sur- 
face and for receiving echoes; and signal condi- 
tioning means for determining liquid level based 
on echo amplitude and time delay between said 
emissions and detection of said echoes. 

1 7. The apparatus of claim 1 6 wherein said transduc- 
er means produces a steered acoustic energy 
beam directed towards the liquid surface. 

18. The apparatus of claim 1 6 wherein said transduc- 
er means produces a number of discrete acoustic 
energy beams each directed towards the liquid 



surface at a respective angle refative to a refer- 
ence. 

1 9. The apparatus of claim 1 6 wherein said transduc- 
5 er means comprises an angled transducer array 

such that each transducer directs ultrasonic 
acoustic energy towards the liquid surface at a 
predetermined angle relative to the reference. 

10 20. The apparatus of claim 16 further comprising 
means to perform cross correlation pulse com- 
pression with a chirped sine wave excitation sig- 
nal for the transducers. 
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(57) Apparatus for determining liquid level in a con- 
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